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The sodium cyanide production process 84
Sodium cyanide is used by industries across the globe, primarily in gold extraction, chemical 85 synthesis and metal hardening. It is produced by mixing air, natural gas and ammonia at high 86 temperatures in the presence of a catalyst, resulting in hydrogen cyanide gas. This gas is then mixed 87 with sodium hydroxide, also known as caustic soda, producing sodium cyanide solution. Where solid 88 sodium cyanide is required, excess water is evaporated from this solution and reused or treated prior 89 to disposal. This treatment is generally through the addition of caustic soda to adjust the pH and 90 hydrogen peroxide to destroy chemical contaminants (Rubo et al., 2003) . Water is then sent for 91 biological treatment, often in wastewater treatment ponds or wetland systems. 92
This study aimed to investigate the water cycle within a sodium cyanide plant in Western Australia. 93
The plant is relatively new, having been commissioned in 1988, so was not expected to be 94 experiencing any major water losses due to aging infrastructure. Having been built in recent decades, 95 the proposal for the plant itself and each of its subsequent upgrades was subject to intense scrutiny by 96 the Environmental Protection Authority (EPA) and the general public (Environmental Protection 97 Authority, 1987 Authority, , 1989 Authority, , 1990a Authority, , b, 2001 Authority, , 2005 . During each of these assessments, the EPA highlighted 98 the need for stringent wastewater quality requirements, due to the flow of wastewater to the marine 99 environment (Environmental Protection Authority, 1987 Authority, , 1989 Authority, , 1990a Authority, , b, 2005 . However, only in one 100 instance did the EPA suggest that the volume of such flows could be reduced by recycling or reusing 101 wastewater within the process, and this was not mandated under the license agreement 102 (Environmental Protection Authority, 2001). As such, most of the focus at this site has been on 103 reducing the concentration of contaminants leaving the plant, with little consideration of the volume 104 of water entering and leaving. The impetus has been heavily placed on compliance with pollution 105 regulation, not on water conservation. 106
Such a focus has been a common trend in industry until recently, where the emphasis has had to shift 107 to using the WMH to reduce both inputs and outputs of processes, with particular efforts towards 108 reuse and recycling (Byers, 1995) . The plant in this study does recycle contaminated water, which 109 reduces overall water inputs and outputs. However, scope may exist to reduce these further, with the 110 ultimate goal of ZLD, and this study aimed to determine the feasibility of this by examining the 111 quantity and quality of flows throughout the plant. 112 113
Materials and Methods

114
Audit site
115
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A sodium cyanide plant, part of a larger chemical production facility located in south-west Western 116 Australia, was selected for this study. Sources utilised by the plant during the study period included 117 scheme, rain, bore and demineralised scheme water, as well as water contained within the caustic 118 soda, hydrogen peroxide, sulphuric acid and copper sulphate used in the process. Water used within 119 the plant is sent to onsite wetlands, aerobic treatment units or offsite disposal, lost through 120 evaporation, drift, evapotranspiration or infiltration, or leaves the site in the chemical product. were also prepared to identify where flows were directed across the site. A fifth diagram was prepared 128 to investigate flows to the onsite water treatment wetland. 129
The water audit was conducted using historical data from February 2012 to January 2013. Wherever 130 possible, data from flow meters was analysed, although for several points in the process this was not 131 possible, and flows needed to be estimated using proxy data (for example, rainfall from the nearby 132 weather station) or calculated based upon known relationships (for example, evaporation from the 133 cooling towers). The methods used to determine each flow are detailed in Table 1 . All flows were 134 determined on the daily timescale, averaged over a one year period. 135
Following the collection of flow data, it was determined whether closure could be reached for the site, 136 with closure arbitrarily set at 10 % following Sturman, et al. (2004) . 137 M A N U S C R I P T Estimated assuming a drift of 0.375 % from cooling towers (Sturman et al., 2004) . Evaporation Estimated for the two cooling towers. An evaporation factor of 0.8 was assumed (Seneviratne, 2007) . Cooling Tower 1 has a circulation rate of 1500 kLh -1 and a temperature increase of 13 °C, and Cooling Tower 2 a circulation rate of 1300 kLh -1 and a temperature increase of 5 °C. This data was used in the following equation to estimate the evaporative loss:
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Evaporative loss = (Evaporation factor x Water circulation x Temperature differential x Specific heat of water) / Latent heat of vaporisation of water 140
Results
141
The audit of the primary flows (Figure 1) indicated a difference between inputs and outputs of 0.7 %. 142
This primary audit did not include outputs to offsite disposal as they could not be metered or 143 estimated, although they were anticipated to have accounted for a very small proportion of total water 144 outputs. Evaporation from the cooling towers was the major output from the plant, accounting for 145 51 % of the total. 
152
An investigation of 'process' water flows revealed that all of the water inputs to site contribute to the 153 water used in the sodium cyanide manufacturing process (Figure 2) . However, discussions with site 154 engineers indicated that, in general, scheme, rain and bore water are only included in the process once 155 they become contaminated from contact with process areas (i.e. bunded areas). Instead of treating 156 these streams to improve water quality, it is assumed they contain low concentrations of cyanide, and 157 they are thus included in the process as make-up water. 
170
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Investigating which water inputs were directed to 'process', 'utility' and 'other' flows enabled us to 172 infer the quality of water entering each unit on site without requiring water quality testing. 173
Following the collection of data for the primary audit, it was decided that it would be interesting to 174 further investigate the flows being sent to the treatment wetlands ( Figure 5 ). This is metered as two 175 separate flows; 'stormwater' and 'effluent'. 'Stormwater' represents flows that have not been 176 contaminated by cyanide, including rain that falls on unbunded areas, and boiler, reactor and cooling 177 tower blowdown, averaging 293 kLd -1 . 'Effluent' represents flows that have potentially been 178 contaminated by cyanide, including rain that falls on bunded areas and wastewater from the sodium 179 cyanide production process, as well as any chemicals added to treat the water (caustic soda, hydrogen 180 peroxide and sulphuric acid), averaging 315 kLd 
Data quality and closure 187
Closure was reached during the primary audit, indicating that most of the major flows throughout the 188 plant could be accounted for. It must be considered that several of the flows in the primary audit were 189 not metered, but were calculated or estimated, meaning their accuracy is questionable. The 0.7 % 190 difference between inputs and outputs is very small; in a similar study of a petroleum refinery the A large volume of rain water is also lost to infiltration and evapotranspiration via the vegetated areas 209 on site. Were these vegetated areas converted to capture runoff, the area could harness an additional 210 60 kLd -1 . However, as 204 kLd -1 demineralised scheme water is currently required for the process, 211
and 'stormwater' from the current site configuration could provide 293 kLd -1 , it may be unnecessary 212 to remove these vegetated areas. An impediment to using rain water as an input is the temporal 213 distribution of rainfall, particularly at the location of this plant, which experiences distinct wet winters 214 and dry summers. In order for rainfall to be considered a viable water input throughout the year, rain 215 water must be stored during wet periods and extracted when necessary. The location of this plant 216
gives the company a distinct advantage in this regard, as it overlies an unconfined aquifer which could 217 be used for water storage. Mathematical models exist to assist companies in determining how they can 218 best harness and store alternative, temporally varying flows such as rainfall (Nápoles-Rivera et al., 219
2013). 220
Given the high quality water required for the process, the 'stormwater' would require treatment before 221
replacing the high quality demineralised scheme water flow, which would undoubtedly incur costs. 222
However, if the aim is water conservation leading to ZLD, this option may be appropriate. 223 M A N U S C R I P T
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Improving efficiency 225
Whilst conducting the audit it was identified that the evaporation from the two cooling towers on site 226 accounted for 51 % of the water outputs. Although evaporation is commonly a major output of 227 industrial processes (Seneviratne, 2007) 
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